We analyse a narrow Feshbach resonance with ultra-cold chromium atoms colliding in d-wave. The resonance is made possible by dipole-dipole interactions, which couple an incoming l = 2 collision channel with a bound molecular state with l = 0. We find that three-body losses associated to this resonance increase with temperature, and that the loss feature width as a function of magnetic field also increases linearly with temperature. The analysis of our experimental data shows that the Feshbach coupling is small compared both to the temperature and to the density limited lifetime of the resonant bound molecular state. One consequence is that the three body losse rate is proportionnal to the square of the number of atoms, and that we can directly relate the amplitude of the losses to the Feshbach coupling parameter. We compare our measurement to a calculation of the coupling between the collisionnal channel and the molecular bound state by dipole-dipole interactions, and find a good agreement, with no adjustable parameter. An analysis of the loss lineshape is also performed, which enables to precisely measure the position of the resonance. 
I INTRODUCTION
The study of atomic collisional properties in ultracold gases has been made possible by the recent development of laser cooling and trapping techniques. In a Feshbach resonance the scattering cross section is resonantly enhanced when the energy of a bound state in a given molecular potential matches the molecular dissociation limit of another molecular potential, provided both potentials are coupled. For polarized bosons at low temperatures, collision processes are dominated by s-wave scattering, and a Feshbach resonance results in a modification of the s-wave scattering length. This feature is particularly relevant for Bose-Einstein condensates, since it allows for the production of BEC with tunable interactions, with for example possible application to interferometric measurements [1] . Feshbach resonances can also be used to produce molecules, by ramping the magnetic field through the resonance [2] . In the case of mixtures of fermions, s-wave Feshbach resonances are extensively used to study the BEC-BCS crossover around the unitary limit [3] . p-wave Feshbach resonances were also studied in the case of polarized fermions [4] . In that case, both the incoming open channel and the molecular bound state have a p-wave character. A d-wave shape resonance was also studied by colliding two Rb condensates at large velocities [5] . Resonances with incoming l larger than zero may offer a means to study the effect of anisotropic interactions in quantum degenerate gases.
Here, we study the resonant coupling of an incoming channel l = 2 to a bound state of partial wave l = 0. The coupling is due to dipole-dipole interactions. As the bound state is localized at relatively short internuclear distance (typically 100 a 0 ), the particles in the incoming channel need to tunnel through the centrifugal barrier associated to l = 2. We shall see that tunnelling through this barrier has profound consequences on the temperature dependence of the resonance width, on the temperature dependence of the three-body loss parameter, and even on the dynamics of atom losses.
The paper is organized as follows. We first report on an experimental study of a Feshbach resonance in d-wave collisions between ultra cold 52 Cr atoms. We will refer to such resonance as a 'd-wave Feshbach resonance'. Losses are analysed, and we show that three-body processes lead to losses proportional to the square of the number of atoms, N 2 , not to N 3 as is usually the case. We study the temperature dependence of both the amplitude of the loss feature and of its width as a function of the magnetic field B. Both vary linearly with T . We then develop a theoretical model taking into account that the Feshbach coupling is small compared to the inverse (density limited) lifetime of the bound state. We finally compare the loss amplitude with a calculation taking into account the coupling of the incoming d-wave channel to the s-wave molecular state by dipole-dipole interactions. We find a very good agreement between our data and this calculation involving no adjustable parameter.
II EXPERIMENTAL RESULTS
One manifestation of the strength of dipole-dipole interactions in chromium is the existence of d-wave Feshbach resonances. In the one we study, first reported in [8] , the incoming channel |S = 6, M S = −6, l = 2, m l = 1 is coupled to |S = 6, M S = −5, l = 0, m l = 0 through dipole-dipole interactions.
The d-wave scattering cross section, usually vanishingly small at low temperature because the atoms need to tunnel through a centrifugal barrier, is resonantly enhanced when the energy of the last vibrational bound state of |S = 6, M S = −5, l = 0, m l = 0 matches the molecular dissociation limit of |S = 6, M S = −6, l = 2, m l = 1 .
We proceed by measuring the atom loss rate in an optically trapped Chromium atom cloud as a function of the magnetic field B. We first load from a MOT up to 5 million ground state 52 Cr atoms at a temperature of 100 µK in an optical dipole trap formed by a retroreflected far red detuned 35 W laser beam, following an experimental procedure described in [6] . To prevent inelastic collisions due to dipolar relaxation, we polarize the atoms in the lowest energy Zeeman state m S = −3, which is done by optically pumping the atoms with a circularly polarized laser at 427 nm (i.e. resonant with the 7 S 3 −→ 7 P 3 transition) in a 2.3 G homogeneous magnetic field. The next step is to form a dimple by adding a strong longitudinal confinement to the trap. For this we transfer power from the horizontal beam to a crossed vertical beam by turning a half wave plate on a computer controlled rotation stage, in front of a polarizing beam splitter cube (as in [9] ). During the linear rotation of this plate the depth of the horizontal beam trap decreases, forcing evaporation and thus decrasing the number of atoms and the temperature of the cloud. Determined by the rotation angle of the half-wave plate, the atom number is between 10 5 and 3 × 10 4 and the temperature between 16 µK and 2 µK. At this point we tune the static homogeneous magnetic field to look at field dependent losses due to the d-wave Feshbach resonance around B = 8.2 G. We use RF spectroscopy to calibrate the magnetic field with an uncertainty of 2 mG, and resonant absorption imaging to extract the temperature and the atom number. Fig 1 (a) shows the number of atoms remaining in the trap after 10 s as a function of B, at T = 15 µK. The lineshape of the loss feature is clearly asymmetric, which [4] . This paper provides a full experimental and theoretical analysis of these losses.
As a first step to characterize the losses, we measure the time evolution of the number of atoms after the magnetic field is set at the value corresponding to the peak losses. As shown in Fig 1b, we observe a non-exponential decay of the number of atoms as a function of time. As the temperature of the cloud does not change much during the decay (less than 15 percent), at any given moment, the density is approximately proportional to the number of atoms; a non-exponential atom number decay is then clearly related to a density-dependent loss mechanism. We describe the density dependent losses by the following rate equation:
where n is the atom density. Γ 1 is the one-body loss rate due to backgound gas collisions, and K p represents the density dependent loss rate parameter. Although atoms are in the lowest state of energy, so that two-body losses are energetically forbidden, and three-body losses are the most likely, we do not assume that p = 3. When integrated over space assuming a thermal gaussian distribution, Eq. (1) leads to
where β p = The striking conclusion of this first study is that, although two-body losses are completely excluded based on energy conservation arguments [7] , the losses we observe, most likely due to three-body recombination, are well described by a two-body loss parameter. Such a feature will be explained in the next part of the paper.
To go further in the analysis, we performed systematic measurements of the "two-body loss parameter" K 2 describing the three-body losses (thereafter called simply "loss parameter" in order to avoid confusion).
We use two different methods to measure K 2 . To rapidly determine K 2 as a function of temperature and magnetic field, we do not systematically record the atom number decay as a function of time. Rather, we use the number of atoms remaining after a given hold time t. Indeed, considering a fixed one-body loss parameter Γ 1 , the number of atoms after a time t univoquely determines K 2 , as: 
The main advantage of this method is to speed up the data aquisition process, as a single data point provides a measurement of K 2 , instead of many data points corresponding to the time-evolution of the number of atoms. Results are represented in Fig 3, where (as in the rest of this paper) magnetic fields B are expressed in units of frequency, hν(B) = g J µ B B, where h is Planck's constant, g J = 2 is the Landé factor of chromium atoms in the 7 S 3 state, and µ B the Bohr magneton. As evidenced in Fig 3, we observe a reduction of both the width and the amplitude of the loss feature when the temperature decreases, in spite of the increase of the phase space density. Below T = 2 µK we were not able to observe any resonant loss feature around 8.2 G. The value of the magnetic field at which losses are maximal shifts with temperature, but the value of the magnetic field above which losses start to occur does not. This value is referred to as B res , and, as shown below, it is the value of the magnetic field at which the energy of the bound molecular level exactly coincides with the molecular dissociation limit, i.e. the exact position of the Feshbach resonance.
We also represent in Fig 4 the variation of the width of the observed loss feature as a function of the temperature. We find that this width increases linearly with the temperature.
For a precise determination of the magnitude of K 2 , we use a different approach: we systematically record the number of atoms as a function of time, and fit the measured, for each temperature, at the magnetic field at which losses are maximal. We find that within experimental uncertainty K max 2 is proportional to T. This contrasts with the situation of broad s-wave Feshbach resonances, for which the loss parameter does not depend on temperature.
Let us now summarize the main experimental features of the losses close to the d-wave Feshbach resonance: (i) three-body losses are described by a two-body loss parameter K 2 ( Fig 2) ; (ii) the lineshape of the loss feature is asymmetric (Fig 3) ; (iii) the width of the loss features increases linearly with T ( Fig 4) ; (iv) K max 2 varies linearly with T (Fig 5) . To account for these features, we have developped the theoretical model described in the next part of this paper.
III THEORETICAL INTERPRETATION
We interpret our experimental results using the theoretical framework developed in [10, 11] for s wave Feshbach resonances. Following the argumentation of these references, we consider that three-body losses happen in two steps. In a first step, two atoms collide in l = 2. Tunneling to short internuclear distances is dramatically increased by the presence of a molecular bound state resonant with the collisional energy, and coupled to the incoming pair of atoms. Such coupling is described by the following reaction:
This Feshbach resonance increases the probability of presence of two atoms at short interatomic distance. A third atomic body collides with the pair of atoms Cr * 2 before it tunnels back out, which triggers exoergic collisions producing one more deeply bound molecule Cr
In the end, three chromium atoms (one dimer and one atom) have disappeared from the trap. In this framework, three-body losses can be described by the following Breit-Wigner cross-section:
Here, k is the collision wavevector, ǫ the collision energy, and Γ d (n) = β d n is the inverse life time associated with the inelastic collision with the third body, i.e. the relaxation width of the bound state Cr * 2 : β d is the loss parameter associated with reaction (5). (ǫ − ǫ 0 ) is the energy separation to the Feshbach resonance: ǫ 0 = ∆M S g J µ B (B−B res ), where ∆M S = 1 is the difference in magnetic number between the incoming channel and the molecular bound state, is the energy of the bound state relative to the dissociation limit of the incoming channel. Finally,hΓ m (ǫ) describes the strength of the resonant coupling associated with reaction (4) at a collision energy ǫ. It is interesting to underline the similarity of eq. (6), used for the study of s-wave Feshbach resonances, to the standard expression for photo-association trap loss [12] , which was also applied to collisions in higher partial waves. In the Wigner-threshold regime, when the collision energy is small,hΓ m (ǫ) = A l ǫ (2l+1)/2 [13] . As a consequence, one expects that the loss parameter will depend on the incoming partial wave l.
From eq. (6), one can deduce the loss parameters usinġ
with v r the thermal relative velocity. The experiment does not directly probe K 3 (k), but its averaged value K 3 (T ) over the thermal distribution. If we assume a Maxwellian distribution at temperature T (see for example [12] ),
where
is the translational partition function, with µ = m/2 is the reduced mass. Compared to what is shown in [12] , eq. (8) includes a factor 3 because we describe the loss of three particles, and K 3 is reduced by a factor of 2l + 1 because only atoms in |l = 2, m l = 1 contribute to losses.
Very different results are obtained depending on the typical relative values ofhΓ m (ǫ),hΓ d (n), and k B T . The goal of this paragraph is to pin-point which approximation holds in our case; consistency will be checked below. hΓ m (ǫ) depends on the collision energy ǫ, but in the following, we will assume that the Feshbach width can be characterized by the widthhΓ (6), and the loss rateṅ is proportional to n 3 : K 3 (T ) is then independent of n and atoms losses are proportional to N 3 . In order to reproduce our observations reported in Fig 2, we will therefore assume in the calculation that Γ max m
is large compared to k B T , the width of the experimental loss feature should not depend on temperature (and the three-body loss parameter should be proportional to T l ). This result applies for example to broad s wave Feshbach resonances. WhenhΓ is on the same order of magnitude as k B T , the experimental width should increase with T , but not linearly. WhenhΓ is very small, the lorentzian function in eq. (8) qualitatively acts as a Dirac function on the energy averaging function, and the experimental width varies linearly with T . Given the fact that the experimental width grows linearly with T, we therefore assume in the calculation that (hΓ max m <<hΓ d (n)) << k B T . Within these approximations, there is an analytical expression for eq. (8):
For physical interpretation, it is interesting to explicitly write eq. (7), using K 3 (T ) as determined by eq. (9). Then one simply finds for ǫ 0 > 0:
is the thermal de Broglie wavelength, and α = 6 √ 2 is a numerical factor. Maximum losses occur for ǫ max 0
. We note that we explicitly find in eq. (10) that the rate of association is, in our case, explicitly determined by the phase-space density, as also observed when the Feshbach resonance is wide [2] .
We can now give a simple physical interpretation of eq. (10). We note |ψ bound the molecular bound state wavevector, |ψ ǫ the incoming channel wavevector, and H dd the dipole operator coupling these two states. The Feshbach coupling is therefore defined as Γ m (ǫ) = 2π | ψ bound |H dd |ψ ǫ | 2 , which can also be written, in a trap, as 2πV
is the density of states in the trap (v denotes the trap vibrational states) and V is the matrix element for coupling between the bound state and one vibrational trap state [10] . If we rewrite the expression of the density of states as ρ(ǫ) =
, where ∆v is the number of vibrational states in the trap covering an energy width set by Γ d , then N res = ∆v nΛ 3 dB is the number of atoms in the trap which are resonant with the bound molecular state of width Γ d . Therefore, eq. (10) leads to an order of magnitude of the maximum loss rate:
We thus recover a Fermi golden rule: each trap vibrational level is an independant incoming channel weakly coupled to a state whose lifetime is so short that it behaves like a continuum whose density of states is
.
IV QUANTITATIVE COMPARISON WITH EXPERIMENTAL DATA
We now verify that eq. (9) quantitatively reproduces all the experimental findings described above. First, we find that K 3 is proportional to 1/n: the experimental loss rate is proportional to n 2 , not to n 3 , although three particles are indeed needed for the loss to occur. In fact, Γ max m << Γ d (n) corresponds to a situation where the collisionnally limited lifetime of the molecules due to reaction (5) is much shorter than the timescale for this molecule to be coupled back to the continuum through Feshbach coupling. For this reason, the experimental loss rate is only set by the slow reaction (4), which is a twobody process. This is why Γ d does not appear in eq. (9) . Only in the limit of very small densities should we recover a loss rate proportional to n 3 . This result is in agreement with our experimental findings evidenced in Fig 2: three-body losses are in the present case best described by a two-body loss parameter K 2 = K 3 × n. This is a signature that indeed Γ max m << Γ d (n): the precise study of the dynamics of the atom number decay therefore provides an indirect signature of the short lifetime of the molecular bound state. Note that in the inset of Fig  5, we also report a three-body loss parameter to enable the comparison with three-body loss parameters in other systems.
We also find that the experimental lineshapes (shown for example in Fig 3) are well fitted by eq. (9) . Temperature is used as a free parameter in these fits, and this yields fitted temperatures close to the ones experimentally determined by analysing expanding clouds in free fall, at any temperature between 3 µK and 15 µK.
Note that the width of the theoretical lineshape is proportional to the temperature, consistent with our observations reported in Fig 4. The temperatures given by the fit are nevertheless systematically smaller than the measured temperatures by about 20 percent. Such discrepancy may arise from the fact that, when the loss rate is high (ǫ 0 ≈ ǫ max 0 ), there is a slight increase in temperature, which in turn raises the loss parameter. This effect may decrease the half-width at half maximum of the loss feature that we measure. Another possibility that we cannot exclude is that our temperature measurements are slightly distorted by the presence of a small stray magnetic field with spatial curvature.
We now turn to the temperature dependence of the loss parameter. As shown in Fig 5, the maximum loss rate parameter K max 2 increases linearly with temperature. This is in agreement with eq. (10) Thus, eq. (9) reproduces all the experimental features with a very satisfying accuracy. We can therefore in turn use it to deepen the knowledge on this d-wave Feshbach resonance. For example, from the analysis of the loss parameter, we can measure precisely the position of the Feshbach resonance. This position is not the magnetic field at which losses are maximal, but rather, the position at which losses start to occur, which precisely happens when the bound molecular state crosses the open channel asymptote. Our measurements indicate: B res = (8.155± 0.015)G. Fields are precisely calibrated in the vicinity of the Feshbach resonance by rf atomic spectroscopy. The precision in our measurement is a factor of 6 better than what was previously reported [15] .
Comparing our experimental result to eq. (9), we also deduce thath
. The error bars represent respectively the statistic error bar, and the systematic error bar, dominated by the uncertainty on the oscillation frequencies of the trap. For example, at a temperature of 8 µ K, Γ max m /2π ≈ 10 Hz. It is striking that, although the Feshbach coupling is so small that at any given time only a small fraction (≈ 10 −4 ) of the atoms can experience it, the Feshbach resonance can nevertheless lead to substantial losses, if one waits long enough. Thermalization constantly insures that there are atoms whose collision energy matches ǫ There are three main conclusions to this study. First, our analysis allows us to precisely measure the position of the resonance. Second, the width of the Feshbach resonance Γ m has been measured, and it is very small. This arises from the fact that, in a d wave Feshbach resonance, particles need to tunnel through a centrifugal barrier to reach the molecular bound state. We also show that Γ m << Γ d (n), which indicates that it should be difficult to create a large number of cold molecules by sweeping a magnetic field through the Feshbach resonance, as achieved in other experiments using a s wave Feshbach resonance [2] . A third information is that K 2 ∝ T ; going to lower and lower temperatures insures that losses can be strongly reduced.
Eq. (10) 
V THEORETICAL ESTIMATE OF THE FESHBACH COUPLING
Losses as predicted by Eq. (10) depend on a single parameter Γ m (ǫ 0 ). We now turn to the comparison between the measured value of Γ m (ǫ 0 ) and a theoretical estimate obtained by calculating the coupling between the collisional channel and the bound molecular state by dipole-dipole interactions. As stated above, the parameter Γ m (ǫ) is defined as 2π| < ψ bound |H dd |ψ ǫ > | 2 , and depends on the matrix element of the dipole-dipole interaction between the bound molecular state and the d-wave collisional state with energy ǫ. We recall the expression of the dipole-dipole operator
where S 1 and S 2 are the spin operators of the two interacting atoms with interatomic distance R along the internuclear axisR, R = RR. In tensor operator description, one has
where the projection of the tensor rank is taken on the internuclear axis. By separating angular and radial parts, as allowed by the Born-Oppenheimer approximation, the relevant states of an atomic pair can be written as (14) for the collision channel, with F 1 (R) the energy normalized radial wavefunction, and (15) for the bound molecular state, which is the first bound level starting from the dissociation limit. F 2 (R) is the radial wavefunction of this molecular state. The angular part of the matrix element of eq. (13) is easily evaluated using standard tensor operator technique, remembering that the angular momentum projections appearing in eqs (14, 15) are taken on a fixed axis (determined by the static magnetic field):
The radial wavefunctions are described in a simple, purely asymptotic model. The method is based on the concept of nodal lines [16, 17] . For energy values close to the dissociation limit (either above or below), the nodal structure of the radial wavefunctions in the inner part of the potential varies very slowly with energy. In a first approximation, the radial position of the nodes of the wavefunctions are located on straight lines as a function of collision energy, which characterize entirely the inner part of the potential, which can thus be ignored. The radial Shrödinger equations are solved in the asymptotic part only (i.e. at large interatomic distances), with the constraint that the wavefunction vanishes on a given nodal line, chosen in the inner/asymptotic frontier region. The nodal lines have to be adjusted to reproduce experimental results (scattering length values, Feshbach resonances, near-threshold bound level positions, etc.). We use here a simplified version of the method, which consists of a R −6 potential limited at short range by an infinite repulsive wall, having a tuneable position chosen to reproduce the scattering length of the system. The model depends thus on two parameters, the van der Waals C 6 coefficient and the position of the wall, i.e. of the chosen nodal line [18] . The node position is adjusted to roughly reproduce the energy of the first bound level of the S = 6 molecular potential of Cr 2 , -23MHz, which is deduced from the measurements of Feshbach resonances of ref. [8] and corresponds to a scattering length of 103 a 0 . The C 6 value (733 atomic units) is also taken from [8] .
The calculation of the free and bound radial wavefunctions is performed by inward numerical integration of the radial differential equations, starting from large R values. For the bound state, asymptotic exponentially decreasing behavior is imposed and the energy is found iteratively to ensure that the solution vanishes at the node position. For the continuum, two solutions are calculated, with respective asymptotic behavior sin(kx) and cos(kx); the wavefunction is the linear combination of these solutions vanishing at the node position. The square of the radial integrals
gives the energy dependence of Γ m (ǫ), which is found to obey the Wigner law
in a large energy range (the relative discrepancy is less than 1% at 100µ K). For k B T = 8µ K, the calculation gives
which is very close to the experimental value, (5.5 ± 1.2 ± 2.5) × 10 −5 .
VI CONCLUSION
In this paper, we have analysed a Feshbach resonance resonantly increasing three-body losses associated to collisions in d−wave. As the atoms have to tunnel through a centrifugal barrier before experiencing the resonant bound state, the Feshbach coupling is small compared to the inverse lifetime of the bound molecular state. As a consequence:
• atom losses due to three-body recombination are described by a two-body loss parameter K 2 ;
• as the width of the Feshbach coupling is small compared to k B T , the observed resonance width increases linearly with T ;
• the loss parameter peak value (as a function of the magnetic field) increases linearly with T .
All these features are well accounted for by a theoretical model with no free parameter. We directly relate the amplitude of the losses to the coupling between the incoming channel and a molecular bound state, due to dipole-dipole interactions. In addition, our measurements provide a better determination of the position of this d-wave Feshbach resonance, in addition to an upper bound to the lifetime of the molecular bound state.
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